M ost engineers will be familiar with the basic principles of using fibre optics for communications applications and the benefits of fibre optics including Electromagnetic Compatibility (EMC), compact size, light weight, low loss, high bandwidth and low power requirements.
However, recent developments in the technology and in the industry have changed the picture considerably, making fibre optics systems much more affordable whilst their performance capabilities have soared. There are also well developed solutions for putting fibre optics into harsh environments; these can be applied to a wide range of industrial scenarios. When these advances are coupled with the increasing range of optical and fibre-optic sensor technologies that provide novel and cost-effective methods of measuring pressure, temperature, movement, vibration, stresses, strains and almost anything else that you might want to measure, then perhaps it is time to review the role of fibre optics in industrial measurement and control applications.
Fibre Optic Communications
We'll start with a review of the 'state-of-play' of fibre optics for various communications applications and then consider the 'nuts and bolts' in more detail, before moving on to highlight some of the interesting capabilities of fibre optics for sensor applications.
Telecomms
Fibre optics are well established in the telecoms world and optical fibres are undoubtedly the most efficient way to move lots of data over long distances. The growth of the Internet means that telecomms networks now carry more data traffic than voice traffic, and the amount of data traffic continues to grow exponentially -doubling every year. Fibre-optic systems can cope with massive amounts of data -systems operating at 10 Gb/s are common, and many such channels can be multiplexed onto a single fibre using Wavelength Division Multiplexing (WDM). This is where different channels are transmitted by separate lasers operating at different wavelengths (like different colours of light -but they're all in the infrared). 40-and 80-channel systems are commercially available today, and 1000-channel systems have been demonstrated. Densely Wavelength Division Multiplexing (DWDM), where the channels are densely packed together at wavelengths around 1550nm is particularly suited to long-haul transmission because the loss of the fibre is lowest at that wavelength and also the range of wavelengths between 1530nm and 1565nm is where optical amplifiers work best. These boost power levels in the fibre -keeping the signal entirely in the optical domain with no conversion to electronic signal being necessary. Now in a way these fibre-optic systems are far too good -their tremendous capacity on a single fibre means that not many fibres are required, and there are plenty of them in the ground. This factor has contributed to the telecomms 'bust' that followed the 'boom' years of 2000. There is now no high-volume fibre manufacturing operational in the UK.
The telecomms bust does mean, however, that there is plenty of surplus equipment available very cheaply, making fibre optics much more affordable. We'll discuss the specialist kit needed later on.
Datacomms
The datacomms sector has also seen significant changes in its use of fibre optics in recent years. Traditional applications in this sector were for building-to-building links in campus networks, and building backbone cabling in large buildings. Fibre to the desk has only ever really been implemented on a few projects with special requirements for secure communications such as the UK Defence Industry, or where electromagnetic interference would have caused problems with copper twisted-pair cabling.
The applications running over these links were typically 10 or 100 Mb/s Ethernet or Fibre Distribution Data Interface (FDDI). These applications used Light Emitting Diodes (LEDs) as the transmitter, rather than the more expensive lasers that were necessary for singlemode fibre. The maximum transmission distances were limited by the optical power levels in the system -so long as the LED could launch enough light into the fibre to overcome the losses of the cabling, and still have enough power to drive the receiver, then the system would work. Typically losses in the cabling of up to 10-15 dB were allowable.
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came a few problems. One problem was that LEDs could not be modulated fast enough to act as the light source. So along came a new laser technology called the VCSEL (Vertical Cavity Surface Emitting Laser (rhymes with pixel)) that gave us much faster light sources (up to 10 Gb/s in fact) without the expense of traditional telecomms type lasers. Another problem with Gigabit Ethernet was that we started to run into problems with the pulses of light spreading into one another as they travelled along the fibre -now that they were 10 times closer together than they had been at 100 Mb/s. This effect, called modal dispersion, acted as the limiting factor on transmission distance. For some legacy multimode fibre this could limit the distance to 220 m. So a new form of 'laser optimised' multimode fibre has been developed and is designated OM3.
Yet another problem with these higher data rates is that the receiver needs much higher power levels in order to detect the much shorter pulses of light. This has led to much tighter loss specifications on transmission links -as low as 2.6 dB for some applications. This makes it much more important that installations are carried out professionally to provide the low losses required.
CCTV and Security
The security industry is thriving and fibre-optic transmission of video signals allows more channels of better quality signals to be sent over longer distances than coaxial cables. The camera systems for the London Congestion Charging scheme operate on a state-of-the-art WDM fibre-optic network.
New fibre-optic sensor technologies have also emerged for motion detection and hence intruder detection on perimeter fences. The system can analyse very subtle changes in the pattern of light travelling along a fibre. The intelligent processing of these changes in the frequency domain allows different types of events to be distinguished, preventing false alarms. I am sure that this technology could also find many applications in process control systems for monitoring vibrations and movements of linear systems.
'Engineering' Applications
Where fibre optics are used for applications other than those described above, we refer to them at OTT as 'Engineering' applications. These include many diverse applications including industrial control systems, defence applications such as tactical field-deployable communications systems, fibre-optic-guided missiles and torpedoes. Remotely operated vehicles (ROVs), whether land based or often used sub-sea in the oil and gas industry, have optical fibres in their umbilical cables to carry video and control signals.
Fibres are also finding their way onto all sorts of vehicles, including entertainment systems in cars, trains and planes. The Typhoon Eurofighter uses fibre optics for all its control systems -fly-by-light!
Optical Fibre Types
Traditional optical-fibre types were very simple -there was single-mode fibre for telecomms (8/125) and multimode fibre for datacomms. OK so there were two sizes of multimode -the 'American standard' of 62.5/125 and the 'UK standard' of 50/125. The numbers refer to the diameters of the core and cladding in microns. The core is the central part of the glass fibre where the light travels and the cladding is the remainder of the glass fibre that makes it up to a standard -handleable(!) size -one eighth of a millimetre (125 microns). However, life has now become rather more complicated with many types and grades of these fibres available with their characteristics optimised for particular applications.
Singlemode Fibre
Traditional single mode fibre is referred to as G.652 -this is its Recommendation number from the ITU (International Telecommunications Union -the United Nations (UN) Agency charged with compatibility of telecomms systems around the world -see www.itu.int). The 2003 version of G.652 defines four different performance grades of this 'standard' fibre. There are also three different grades of G.655 fibre defined that are single mode fibres optimised for DWDM transmission -as well as specialist G.653 and G.654 fibres and I think that G.656 may be on its way!
Multimode Fibre
Historically the choice of multimode fibre type seems to have been based on fashionable trends rather than technical requirements! In the UK we all started off using 50/125
because that was what British Telecommunications (BT) used and the Defence Industry started using it too. In those days performance was not too critical because data rates were so low.
Then 62.5/125 came on the scene as American companies such as AT&T started selling their structured cabling systems over here. This fibre had lower bandwidth capability -particularly at 850 nm -slightly higher attenuation and was more expensive. Despite all that, 62.5/125 did become the dominant type of multimode fibre being sold in the UK. The only technical benefit that it had was that the larger core size would typically capture more of the light output from an LED than the smaller 50/125. However it was rare that this really made any difference in typical datacomms configurations. Now that VCSELs are being used more and more, this benefit disappears because the VCSEL concentrates the light energy into a much smaller spot size -typically about 30 microns, rather than the 100 microns or so that is typical of LEDs. Also, of course, the higher data rates make bandwidth issues much more important so we are seeing a swing back in favour of 50/125.
In fact the high data rates now required have led to the development of the laser optimised multimode fibre known as OM3. The ISO 11801 structured cabling standard defines four types of fibre according to their performance characteristics rather than just their size. OM1 is typically legacy 62.5/125; OM2 is typically legacy 50/125; and OM3 is the new fibre with new definition of bandwidth based on VCSEL transmission typically at 850nm known as Restricted Mode Launch (RML) bandwidth. The fourth type of fibre is OS1 which is standard single-mode (G.652.A) fibre.
Plastic Fibre
Another type of fibre worth mentioning is plastic optical fibre (POF) which is having a renaissance. POF is much larger fibre, typically one millimetre in diameter -with most of the fibre being core with just a 10 micron thick cladding. Many of us will be familiar with this fibre for illumination applications including fibre optic Christmas trees, but can also be used for communications. The plastic used -polymethylmethacrylate (PMMA) has its lowest loss region in the visible spectrum and is usually used with visible red LEDs. Although the losses are very high compared with glass optical fibres and the bandwidth performance is very low, POF can provide a very robust and low-cost solution for some low data rate, short distance applications. For example, it is being used in cars to carry audio signals from a CD-autochanger in the boot to the hi-fi system. Development work is continuing to provide much better performance POF that may open up more applications.
The 'Nuts & Bolts' of Fibre Optics
So if you're thinking about using fibre optics to set up a communications link, what do you actually need apart from the fibre itself? Well of course you'll need the active equipment to convert an electronic signal into an optical one, more on that later, but you will also need to consider the other 'nuts and bolts' that will make it all hang together.
Cables
The function of the cable is to provide the fibre with an appropriate degree of protection from the environment where it is going to be installed. The fibres themselves are surprisingly strong, especially in terms of tensile strength -on our training courses delegates are amazed that they cannot break a single strand of fibre just by pulling on it. However, if the fibre is kinked or pulled over a sharp edge then it will break, so it does need protection. This protection can take many forms, common cable constructions include:
Ruggedised cord: with a secondary coating fibre protected by a layer of kevlar with a plastic sheath of about 2.5mm diameter for a single fibre; this construction is particularly suited to taking connectors and is often used for patch cords or equipment connection leads.
Distribution cable: a number (typically 4-12) of secondary coated fibres are laid up together with kevlar and then jacketed to give a compact, lightweight and flexible construction. Special elastomeric sheath materials may be used to give a military grade deployable cable.
Single loose tube: a number of colour-coded primary coated fibres are loosely contained in a plastic tube, surrounded with kevlar or fibreglass as a strength member and then oversheathed to give a cheap multi-fibre cabletypically up to 12 fibres.
Stranded loose tube: a number of plastic tubes, each with 8 or 12 fibres, are stranded around a central fibreglass or steel strength member, surrounded by an aluminium tape moisture barrier and outer polythene sheath to give a typical telecomms cable for installation into ducts containing from 48 to 144 fibres.
Armoured: a layer of galvanised steel wire armouring may be applied on top of the above construction with a further polythene sheath on top to give a heavy-duty, industrial strength cable.
Many other specialist designs are also available, including low smoke, zero halogen materials, aerial selfsupporting cables, fire-proof cables, etc. Another interesting option is for 'blown fibre' where a network of plastic tubes or microducts is installed and fibres are blown into place as and when required. This provides a great deal of flexibility -it is easy to re-route and re-configure tubes using simple push-fit connectors; and if a different fibre type is needed then the old can be blown out and the new blown in.
Connectors
Where connections are made into the active equipment or where patch panels are used to provide flexibility points then the fibres will need to be terminated with connectors. Essentially these are just a very precise way of lining up the fibres with each other, in a patch panel, or with the laser, LED or photodiode in the equipment. The fibre actually passes all the way along the axis of the connector, is glued into place and then polished smooth. This is a highly skilled task although there are now some rapid termination styles that make the process quicker and easier; most of these involve some compromise in performance or long-term reliability. It is important to ensure that these connectors are cleaned each time before they are used -it doesn't take much dirt to block the light going along a 50-micron core! There are many different connector styles -your choice may be determined by the connector interface on the equipment, although you will usually have a free choice at patch panel locations. Simplex Connectors Snap-in and Bayonet, SC and ST styles are often used, although these is now a family of Small Form Factor connectors available that make a two-fibre (duplex) connection in a footprint the size of an RJ45 socket.
Splicing
If fibres need to be joined permanently, when joining cables on long runs for example, then the usual technique is to use a fusion splicing machine to make a very precise butt joint weld. Again this is a skilled task, and requires the specialist machine. Prices for these have fallen dramatically in recent years -about 5 years ago it would have cost £20,000 for a top-of-the-range machine, but now they are available for half that price with more basic new machines being available for less than £5,000. There are also lots of second-hand bargains available in the post boom years, at auctions and even on eBay! An alternative splicing technology with lower capital cost is mechanical splicing, where a precision alignment jig holds the end faces of the fibres together. Many people regard these only as temporary or emergency repairs, but their performance can be quite good and stable. Also, of course there is no electric arc generated, as there is with the fusion splicer, so mechanical splicing can be used where there is a risk of explosive gases. 
Terminating Hardware
At each end of every link a decision needs to be made about how the cable is to be terminated. If the link is just a short hop between two pieces of equipment in a benign environment then the cable may be fitted with connectors that directly connect into the equipment. Other options include glanding the cable into a termination box and terminating the individual fibres with connectors mounted into bulkhead adaptors to provide a patch panel.
Connections can then be made from this patch panel to the equipment using patch leads. This approach allows a lot more flexibility -a variety of equipment with different connector styles can be used, for example -just by using patch leads fitted with the relevant connector. It also allows for easy replacement of patch leads should they get damaged.
Active Equipment
So with the issues of the passive optical fibre dealt with -what are you going to use it for? The active equipment on ends will determine that. In fact there are optical interfaces available for just about every standard and protocol imaginable, from humble RS232, RS422 and RS485, through voice and video, all sorts of proprietary systems and the ubiquitous Ethernet with its Industrial variant gaining popularity fast. Of course you may also be able to utilise the bandwidth potential of fibre by multiplexing many signals onto a single fibre -or pair of fibres -it is usual to use one fibre for transmit and the other for receive in a duplex circuit. Generally the interfaces should be cheapest for plastic fibre that use LEDs in the visible part of the light spectrum. Next cheapest will be low data rate (up to 100Mb/s) LED-based systems operating at 850nm in the infrared part of the spectrum. High data rate systems using VCSELs at 850nm would be the next most expensive. But the prices increase significantly for long wavelength (1310nm) LEDs and lasers, especially if singlemode fibre is to be used.
Installation and Testing Issues
The key skills involved with installing, terminating and testing fibre optics are not too difficult to master -we run five-day courses that lead to the City & Guilds 3466 qualifications, the most widely held qualification for professional installers. If you are contracting out fibre installation work then this is the qualification that you should be specifying that your installers have. This course provides a good knowledge of the technology and all of the key skills including cable installation, fitting connectors, splicing and testing both with a light source and power meter and with the OTDR (Optical Time Domain Reflectometer).
The light source and power meter are used to measure the total loss of a link by comparing the amount of power launched into one end of the system with the amount of power coming out of the other end. Usually this will be carried out on all fibres at the wavelengths at which they might be used.
The OTDR is a very useful piece of test equipment that provides a plot of losses all the way down the length of the line. It can assure the performance of every component, measuring losses of the fibre itself, splices and connectors. It can also detect and locate defects such as bends and fibre breaks.
Optical Fibres for Sensing Applications
Optical fibres can be used in two main ways for sensors -one is to carry light to and from a discrete point sensor where some characteristic of the light is changed by whatever you are trying to measure; the other is to detect some change in the property of the light as it travels along the fibre giving a distributed linear sensor.
An example of the first may be a very simple liquid level sensor -the end of an optical fibre is built into the side of a tank for example. As the liquid level rises above the fibre, the amount of light reflected back down the fibre will change. This gives a solid-state device, with all of the electronics some distance away -useful if the sensor is in a hazardous environment or inaccessible.
In fact there are many ways in which the properties of the light can be manipulated, light intensity being the most obvious, but also wavelength, polarisation or even phase changes. Using interferometric techniques incredibly sensitive sensors can be made -movements of a fraction of the wavelength of light can be measured, visible red light has a wavelength of 660nm -those sort of dimensions are tricky to measure.
Very sensitive strain gauges can be made using 'Bragg Gratings' written inside a fibre -as the fibre sees any strain then the wavelength of light that is reflected back from the grating changes. These fibres can be built into composites to give 'smart structures' -one example is the mast of a sailing boat that uses no stays or other supporting wires.
Distributed temperature sensing is one area where fibre sensors are mature and well established. It is possible to measure the temperature to within 0.1 degrees Celsius, at every point along the length of a fibre that may be many kilometres long. Applications include fire detection in tunnels, pipeline and powerline monitoring, and even measuring hotspots in the windings of transformers.
So whatever you want to measure, be it temperature, pressure, electricity or magnetic fields, movement, strain, stress, etc, then optical solutions do exist.
Conclusions
This article has briefly reviewed some of the major changes in fibre-optics technology in recent years. Whilst on the one hand these developments have yielded systems with awesome capabilities for moving information around the globe, on the other -the falling prices and ready availability of expertise and equipment have opened up new possibilities for a broad range of applications. I believe that the area of fibre-optic and optical sensors can provide some really useful tools for measurement and control engineers. Just take a bit of knowledge and apply some imagination and engineering skill… Over to you.
